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ABSTRACT
This bulletin is the second report of results obtained in Warm Air
Heating Research Residence No. 3, which was a low-cost basementless
house with a concrete slab floor laid on the ground. The Residence was
built by the National Warm Air Heating and Air Conditioning Associa-
tion in order to study the performances of several warm-air heating sys-
tems which appeared to be suitable for heating basementless houses
having concrete slab floors.
The results are given for an investigation of five types of warm-air
heating systems, including:
1. A perimeter-loop system using non-deflecting registers,
five feeders
2. A perimeter-loop system using non-deflecting registers,
four feeders
3. A perimeter-loop system using deflecting registers
4. A perimeter-radial system using non-deflecting registers
5. A perimeter-radial system using deflecting registers.
The loop system consisted of a 6-in. diam duct embedded in the slab
in the form of a single loop around the periphery of the floor, with a
series of 6-in. diam feeder ducts connecting the loop to a subfloor plenum
below the furnace. The warm air was delivered downward from the
furnace to the subfloor plenum, and outward through the feeder ducts
into the floor registers. The air was discharged into the rooms and col-
lected at a single return-air intake before being reheated by the furnace.
The radial system consisted of 6-in. diam feeder ducts which con-
nected the subfloor plenum directly to the registers without benefit of
the perimeter loop. The return-air arrangement was the same as that for
the loop system.
Acceptable room-air temperature conditions were obtained with four
of the five systems studied, and no evidence of lag or overrun of room-
air temperatures was experienced during periods of rapidly changing out-
door temperatures. The loop system provided more satisfactory room-air
temperature gradients than did the radial system. For both systems, the
narrow deflecting-type floor registers proved to be more effective than the
larger non-deflecting type floor registers.
At an outdoor temperature of 35 F, only 71/ percent of the floor
surface was at a temperature of less than 70 F with the loop system;
whereas with the radial system about 43 percent was at a surface tem-
perature of less than 70 F, and 16 percent was at a temperature below
65 F. It appeared from these results that an improvement in the radial
system would consist of a larger number of feeders than the six feeders
used. Based upon these studies, such a recommendation has been in-
corporated in the revised edition of Manual 4 of the National Warm Air
Heating and Air Conditioning Association.
At an outdoor temperature of 35 F, about 44 percent of the heat
input to the rooms was by panel heating effect with the loop system,
while for the radial system the corresponding value was about 16 per-
cent. Both systems can be considered to be of the panel-convection type.
The pressure losses of the duct system were less for the loop system
than for the radial system, primarily because of the larger number of
registers used with the loop system. For both systems, the use of 21/4 in.
x 14 in. deflecting-type registers resulted in an increase in pressure loss of
about 0.03 in. of water above that for the system with 4 in. x 14 in. non-
deflecting type registers.
The fuel consumption for the radial system was 16 percent lower than
that for the loop system; this difference was attributed to the larger edge
and ground losses with the use of the perimeter loop.
A comparison of the 6-in. diam loop system with the 8-in. diam loop
system previously investigated indicated that the small ducts provided
comparable results in most respects. The conclusion reached was that a
larger number of feeder ducts would be desirable when smaller diameter
ducts are used.
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I. INTRODUCTION
1. Preliminary Statement
This bulletin is the second which reports results
of research conducted in Warm-Air Heating Re-
search Residence No. 3 under the terms of a cooper-
ative agreement between the National Warm Air
Heating and Air Conditioning Association and the
University of Illinois. Residence No. 3 was a low-
cost basementless house with a concrete slab floor
laid on the ground and was equipped specifically
for research in warm-air heating. Construction of
this Residence was an outgrowth of the urgent need
for information on the performance of warm-air
heating systems which appeared to be suitable for
basementless houses with concrete slab floors. The
results of the research conducted during the 1949-
50 and 1950-51 seasons have been reported 1')* in
Engineering Experiment Station Bulletin No. 403.
During the period of this investigation the Asso-
ciation was represented by a Research Advisory
Committee of sixteen men:
F. L. Meyer, Chairman; The Meyer Furnace
Company, Peoria, Illinois
R. K. Becker, Ohio Valley Hardware Company,
Evansville, Indiana
J. B. Burrowes, Lau Blower Company, Dayton,
Ohio
T. A. Clark, Canadian Chapter, National Warm
Air Heating and Air Conditioning Association, To-
ronto, Ontario, Canada
K. T. Davis, Bryant Heater Division of Affili-
ated Gas Equipment, Inc., Cleveland, Ohio
G. W. Denges, Williamson Heater Company,
Cincinnati, Ohio
R. S. Dill, National Bureau of Standards, De-
partment of Commerce, Washington, D. C.
E. R. Downe, C. A. Olsen Manufacturing Com-
pany, Elyria, Ohio
E. W. Gettinger, American Furnace Company,
St. Louis, Missouri
W. W. Johns, Johns and Son Furnace Company,
Urbana, Illinois
C. W. Nessell, Minneapolis-Honeywell Regula-
tor Company, Chicago, Illinois
J. W. Norris, Lennox Furnace Company, Mar-
shalltown, Iowa
F. J. Nunlist, L. J. Mueller Furnace Company,
Milwaukee, Wisconsin
N. A. Palmer, Eureka-Williams Corporation,
Bloomington, Illinois
H. F. Randolph, International Heater Company,
Utica, New York
H. Weyenberg, Holland Furnace Company,
Holland, Michigan
2. Scope of Investigation
The warm-air perimeter type of heating system
has been accepted as a practical method for the
heating of basementless homes, especially those
with a concrete slab floor. Without the introduction
of some heat into the slab floor, difficulties such as
cold floor surfaces and condensation on these sur-
faces are likely to occur. 2' 3) Although several vari-
ations of perimeter systems have been used in
practice, two of the most common types are those
referred to as the perimeter-loop and perimeter-
radial systems.
In the warm-air perimeter-loop system, here-
after referred to as the loop system, the warm air
from the furnace was delivered through subfloor
feeder ducts to the perimeter duct which was em-
bedded in the slab floor along the outer walls. The
heated air flowed through the perimeter duct and
entered the rooms through floor registers located
underneath windows, or at other locations where
large heat losses occurred.
In the perimeter-radial system, hereafter re-
ferred to as the radial system, the warm air from
the furnace was delivered through subfloor feeder
ducts directly to floor registers and then into the
rooms. In both the loop and radial systems, heat
was supplied to the rooms by convection from the
registers and by a combination of radiation and
natural convection from the heated floor surface.
Previous studiesM1 in the Residence covered the
over-all performance of two types of loop systems
* Parenthesized superscript numbers refer to the corresponding
entries in References.
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in which 8-in. diam ducts were used for both the
feeders and the perimeter duct. In addition, labo-
ratory studies of factors affecting the design ( 4) of
perimeter systems were conducted (5 ) in the Floor
Slab Laboratory with 8-in. diam ducts. The results
of these studies indicated that some reduction in
the size of feeder and perimeter ducts could be
made without exceeding the available pressure of
the blower.
The material in this bulletin covers the studies
conducted in the Residence during the 1951-52
heating season on loop and radial systems utilizing
6-in. diam ducts. With each of the two systems,
two types and sizes of floor registers were used. The
specific objectives of this investigation were to de-
termine with each of the arrangements studied:
(a) the uniformity of room-air temperatures at
the sitting level throughout the house and the re-
sponse of the system to thermostatic control
(b) the room-air temperature differentials be-
tween the floor level and the sitting, breathing and
ceiling levels
(c) the magnitudes and isothermal patterns of
floor-surface temperatures
(d) the panel heating effects of the warmed
floor surfaces
(e) the performance characteristics of the fur-
nace and blower.
3. Glossary
Air-Flow Rate - the rate of circulation of air
in cubic feet per minute (cfm). Unless otherwise
stated, all cfm values are for standard air density
of 0.075 lb per cu ft.
Balance of Room-Air Temperatures - uniform-
ity of room-air temperatures between different
rooms served by a single room thermostat, as
measured at the 30-in. level.
Blower - a centrifugal fan. The warm-air heat-
ing industry uses the term to distinguish centrifugal
fans from propeller fans.
Bonnet Efficiency - the ratio of the bonnet ca-
pacity to the heat liberated in the furnace by the
burner, also expressed as a percentage. For gas-
fired forced-air furnaces approved by the American
Gas Association, the rated bonnet efficiency is 80
percent.
Breathing Level - level in room 60 in. above
floor.
Ceiling Level -level 3 in. below ceiling.
Continuous Blower Operation - a method of
blower operation in which continuous operation is
approached in average winter weather, but inter-
mittent operation is obtained in mild weather.
Design Heat Loss - the calculated heat loss for
a given space based on outdoor design conditions
for the locality. In the text, the outdoor design
conditions are assumed as -10 F and 15 mph wind
velocity.
Floor Level - level in room 3 in. above floor.
Fuel Consumption - the consumption of fuel
per 24 hr. For gas-fired equipment the units are in
terms of cu ft of gas per 24 hr.
Furnace Bonnet - a central plenum, or collect-
ing chamber, usually located above the furnace, in
which the heated air is mixed before distribution to
the duct system. For perimeter systems using a
down-flow furnace the subfloor plenum is equiva-
lent to a bonnet.
Indoor-Outdoor Temperature Difference - the
difference in temperature between indoor air and
outdoor air. Large temperature differences denote
cold weather, small temperature differences indicate
mild weather.
Isothermal Lines, Floor Surface - lines of equal
floor-surface temperature.
Living Zone - the space in a room between the
floor level and the breathing level.
Panel Heating Effect - a heat transfer effect
similar to that obtained from a panel heating sys-
tem, in which warmed surfaces transmit heat by
radiation to cooler surfaces and by convection to
cooler air next to the panel surface.
Register Delivery - the heat available at the
registers, in Btu per hr (Btuh). This is based on the
air-flow rate through the registers and the difference
-between register-air temperature and the air tem-
perature at the return-air intake.
Sitting Level -level in room 30 in. above floor.
Temperature Differential, Room-Air - the dif-
ference in air temperature at two elevations in a
room. Usually the sitting level is considered as the
reference level. See Temperature Gradient.
Temperature Gradient, Room-Air -a graphical
representation of the air temperatures existing at
several levels in a room at one station. See Tem-
perature Differential.
Thermostat Differential Setting - an adjustable
setting in the room thermostat which governs the
change in room-air temperature (at the thermostat)
necessary to activate the thermostat.
II. EQUIPMENT AND GENERAL PROCEDURE
4. Research Residence No. 3
Residence No. 3 (Fig. 1) was a single-story,
low-cost home with a concrete slab floor; it was of
standard frame construction and was provided with
a vented attic and a relatively large amount of
glass area. The walls were uninsulated, but the
ceiling was insulated with mineral wool batts 3%
in. thick. Except for one picture window, well-fitted
double-hung wood-sash windows were used which
were neither weatherstripped nor equipped with
storm sash. The outside doors, however, were pro-
vided with storm doors.
Fig. 7. Warm Air Heating Research Residence No. 3
The slab floor construction (Fig. 2) consisted
of a 4-in. fill of washed and graded gravel placed
on the original grade, a heavy duplex paper mois-
ture barrier, and 4 in. of concrete. The insulation
at the edge of the slab consisted of a 1-in. asphalt-
sheathed glass-fiber insulating board placed against
the foundation wall and extending downward 12 in.
from the top of the slab.
A floor plan of the Residence is shown in Fig.
3. The inside dimensions were 24 ft x 32 ft, and the
corresponding floor area was 768 sq ft. The design
heat loss of the Residence for an outdoor tempera-
ture of - 10 F and an indoor temperature of 70 F
was about 51,600 Btuh, including the subfloor and
edge losses from the floor slab.
Fig. 2. Details of Floor Slab Construction
Showing Perimeter Duct
Fig. 3. Floor Plan of Research Residence No. 3
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Table 1
Data on Research Residence No. 3
A. Heat Transmission Coefficients, Btuh (sq ft) (F) U B. Heat Transmission Factors, Btuh (ft of exposed edge)
Uninsulated Frame Wall* 0.21 Floor, cone. in contact with ground, perimeter duct in use
Insulated Ceiling with 35~~ mineral wool insulation 0.07 Floor, conc. in contact with ground, perimeter duct not used
Outside Doors, equipped with storm doors 0.08 C. Infiltration Factors, cu ft per hr (ft of crack)Windows, no storm sash Doors, equipped with storm doorWindows, no storm sash 1.13 Windows, no weatherstripping, no storm sash
Fixed Window in living room
D. Room Room Dimensions Floor Area
(sq ft)
Volume
(cu ft)
Calculated Heat Loss
(Btuh)
Above Groundt Below Grounds
(1) (2) (3) (4) (5) (6)
Liv Rm 18 ft 2 in. x 12 ft 0 in.
8ft6 in.x 4 ft 0 in. 251 2,008 14,875 2,790 17,665
Closet 4 ft 0 in.x 2 ft 4 in. 9 72 (¶) (i) (7)
S Bed Rm 12 ft 0 in. x 11 ft 6 in. 138 1,104 8,511 2,070 10,581
Closet 6 ft 0 in. x 2 ft 4 in. 14 112 (7) (7) (7)
Closet 4 ft 0 in. x 2 ft 4 in. 9 72 (¶) (¶) (7)
N Bed Rm 9 ft 8 in. x 8 ft 0 in.
6 ft 3 in. x 2 ft 3 in. 92 736 6,468 1,863 8,331
Closet 4 ft 0 in. x 2 ft 4 in. 9 72 (T) (i) (1)
Bath 6 ft 3 in. x 5 ft 5 in. 34 272 2,729 450 3,179
Utility 12 ft 0 in. x 8 ft 0 in. 96 768 4,022 616 4,638
Kitchen 8 ft 4 in. x 8 ft 0 in. 67 536 5,864 1,360 7,224
Hall 7 ft 8 in. x 5 ft 8 in. 44 352 (§) (§) (§)
Closet 2 ft 4 in. x 2 ft 0 in. 5 40 (§) (§) (§)
Total 768 6,144 42,469 9,149 51,618
* The exterior wall consisted of a double course of cedar shingles, building paper, shiplap sheathing on 2 in. x 4 in. studs, h-in. gypsum board with
aluminum foil backing and a simulated plaster finish.
t The heat losses above ground were calculated by methods given in Manual 3 of NWAHACA, 1949 ASHVE Guide, the crackage method being
used to calculate the heat loss due to infiltration at the windows and doors.
$ The heat loss below ground was calculated on the basis of information contained in the University of Illinois Small Homes Council Report on
"Temperature and Heat Loss Characteristics of Concrete Floors Laid on the Ground."
¶ Heat loss for these rooms included with larger adjoining rooms.
§ Heat loss for these rooms included with north bedroom.
Note. All ducts 6 in diameter
Fig. 4. Duct Arrangements for Perimeter-Loop and Perimeter-Radial Systems
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A tabulation of heat transfer coefficients, trans-
mission factors, infiltration factors, room dimen-
sions, and calculated heat losses, both above and
below ground, is shown in Table 1 to the left.
5. Heating Systems Investigated
Three loop systems and two radial systems were
investigated during the 1951-52 heating season. The
loop systems consisted of a 6-in. diam warm-air
duct embedded in the concrete slab to form a single
loop around the periphery of the floor with a num-
ber of 6-in. diam feeder ducts connecting the
perimeter loop to a subfloor plenum below the
furnace. Seven feeder ducts were installed, some of
which were equipped with branches. Provisions
were made for blocking the feeders at both ends
and at points where branches joined feeders, so
that any combination of the seven feeder ducts
could be studied. The top of the feeder ducts was
6 in. below the floor surface at the plenum and
sloped upward to the junction with the perimeter
loop which was 2 in. below the floor. The warm air
was delivered from the furnace into the subfloor
plenum from which point it was forced outward
through the feeder ducts to the perimeter loop and
then through the registers. The air moved across
the rooms to a single return-air intake, 30 in. x 8
in., located near the ceiling on the inside wall of
the living room, and then into the furnace to be
reheated.
The radial systems consisted of six 6-in. diam
feeder ducts which connected the registers to the
subfloor plenum. These feeders were the same as
those previously discussed. The perimeter loop was
sealed on both sides of all registers and at the ends
of all feeders which were not used with the radial
system. The air which was forced outward from the
plenum was passed through the feeder ducts di-
rectly to the registers. The return-air duct arrange-
ment was the same as for the loop systems.
Experimental conditions for the five series of
studies are listed in Table 2. Special deflecting
type (214 in. x 14 in.) floor registers were used in
two of the series in place of the larger non-deflect-
ing type (4 in. x 14 in.) registers. The duct ar-
rangements for the loop systems (Series P) and
the radial systems (Series R) are shown in Fig. 4.
With the exception of the bathroom register, all
others were located at exposed walls. As listed in
Table 2, two different locations of the bathroom
register were studied.
Table 2
Experimental Conditions for 1951-52 Season
Operating Conditions, common to all series:
(a) Fuel Input= 65,000 Btuh
(b) Thermostat Setting= 72 F at 30-in. level
(c) Fan Switch Settings:
Cut-in = 105 F
Cut-out= 90 F
(d) Limit Switch Settings:
Cut-out = 200 F
Cut-in = 180 F
(e) Air temperature rise through furnace= 100 F, during
continuous operation of burner and blower
(f) House unoccupied; all doors between rooms kept open
(g) No filters in unit
(h) Humidifier not used
Series Number Floor Registers* Bathroom Air Flow
of Size Type Register Rate
Feeders Location (cfm)
Perimeter-Loop Arrangements
P-21 Five 4 in. x 14 in. Non- Under 430
deflecting bathtubt
P-22 Four 4 in. x 14 in. Non- Floor over 425
deflecting feeder duct
P-23 Five 2Y4 in. x 14 in. Deflecting Floor over 440
feeder duct
Perimeter-Radial Arrangements
R-I Six 4 in. x 14 in. Non- Floor over 450
deflecting feeder duct
R-2 Six 2Y in. x 14 in. Deflecting Floor over 435
feeder duct
* For the 4 in. x 14 in. registers, the vanes in the face were vertical
and non-deflecting. The axes of the shutter dampers were parallel with the
long axis of the registers. For the 2% in. x 14 in. registers, the deflecting
vanes in the face were adjusted to provide a total angle spread of the air
stream of about 60 deg.
t Warm air admitted into space below raised bathtub and admitted to
room through long, narrow grill.
6. Instrumentation
For the purpose of measuring temperatures,
approximately 250 copper-constantan thermo-
couples were installed, each of which was connected
to individual switches, which in turn were con-
nected to an indicating potentiometer. Continuous
printed records of the temperatures at any 22
thermocouple stations could be obtained by means
of two recording potentiometers.
The indoor relative humidity was recorded by
an instrument located in the living room. Bonnet-
air temperatures were measured by means of a grid,
consisting of nine thermocouples connected in paral-
lel, so located that it was not affected by direct
radiation from the heat exchangers in the furnace.
Periodic readings of the CO 2 content in the flue gas
were made with an Orsat analyzer, which sampled
the flue gas just ahead of the draft hood. Flue gas
temperatures were measured with a recording
thermometer. The electrical inputs to the burner
and the blower motor were measured by watt-hour
meters, and the total times of operation were de-
termined by the use of self-starting electric clocks
connected across the burner and blower motor cir-
cuits. The fuel input to the furnace was determined
by means of a gas meter. The air-flow rate was
measured by means of a vane anemometer, which
was located in the return-air duct and was cali-
brated in position. )
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7. General Procedure
The desired fuel-input rate of 65,000 Btuh was
obtained by adjusting the pressure regulator at the
furnace. This input of 65,000 Btuh was determined
by dividing the design heat loss (51,600 Btuh) by
the assumed bonnet efficiency (0.80) of the furnace.
The blower operated continuously in average win-
ter weather, and its speed was adjusted( 7) to pro-
vide an air temperature rise through the furnace
of 100 F under conditions of continuous burner and
blower operation. The thermostat, located at the
30-in. level in the living room, was set at 72 F.
The differential setting of the thermostat was ad-
justed to the minimum point to provide frequent
burner operations. All doors between rooms were
kept open.
Complete daily records were made of the oper-
ating times, the number of cycles, and the electrical
inputs to both the blower motor and the burner.
Daily observations were made of the fuel consump-
tion for the furnace. Periodic or continuous records
of all significant temperatures were also made.
Comfort depends on a large number of factors,
such as air temperatures, surface temperatures,
relative humidity, and air movement as well as a
number of more subjective items such as odor,
noise, and dust content of the air. Since it was not
possible to evaluate all these items, emphasis was
placed on the two predominant factors, namely
room-air temperatures and floor-surface tempera-
tures. The study of air temperatures was devoted
primarily to conditions in the living zone.
Temperature, deg F
Fig. 5. Room-Air
Temperature. deg F
Wind north 6-8 mph, outdoor temperature 24-27 F
Temperature Gradients for Perimeter-Loop and Perimeter-Radial
Table 3
Room-Air Temperature Differentials from Floor Level to Sitting and Breathing Levels
(Outdoor Temperature = 25 F)
Series P-21 P-23 R-1 R-2
Station Floor to Floor to Floor to Floor to Floor to Floor to Floor to Floor to
Sitting Breathing Sitting Breathing Sitting Breathing Sitting Breathing
Level Level Level Level Level Level Level Level
LivRm (1) 1.9 2.4 1.3 1.8 2.6 3.5 1.7 2.1
Liv Rm (2) 3.1 3.8 1.4 1.7 4.1 5.5 3.3 4.1
Liv Rm (3) 3.1 4.1 0.8 1.3 0.9 2.2 0.8 1.4
Liv Rm (4) 0.3 1.4 0.1 1.0 2.0 3.2 1.2 2.2
Kitchen 1.5 3.1 1.7 2.6 2.6 4.4 4.0 4.4
N Bed Rm (1) 1.1 1.9 1.5 1.8 2.8 5.1 1.0 1.8
8 Bed Rm (1) 1.9 2.6 1.6 1.8 4.4 5.0 3.2 3.9
Bath 1.3 1.9 3.9 4.2 4.1 4.7 4.0 4.4
* Five-feeder perimeter-loop system using 8-in. diam feeder and loop ducts. (1950-51 heating season)
t Air temperature at floor level higher than air temperatures at sitting and breathing levels.
P-14*
Floor to Floor to
Sitting Breathing
Level Level
1.0 1.9
0.8 1.5
2.5 3.5
0.3 1.0
2.4 3.8
1.0 2.7
1.9 2.6
-2.6t -3.6t
Systems
III. PERFORMANCE OF LOOP AND RADIAL SYSTEMS
8. Uniformity of Room-Air Temperatures at Sitting
Level
For the purpose of determining the room-air
temperatures at the floor, sitting, breathing, and
ceiling levels, measurements were made at eleven
different stations, as indicated by the open circles
in Fig. 3. In addition, continuous records were made
of the air temperature at the thermostat.
The cyclical variation of room-air temperatures
at the thermostat location was found to be negli-
gible for all five series, amounting to less than 0.5
F. Also, the response of the system to sudden
changes in outdoor temperature was considered to
be satisfactory since no evidence of lag or overrun
of room-air temperature was experienced during
periods of rapidly changing outdoor temperature.
Little difficulty was encountered in balancing
the systems, with the exception of Series P-22 with
four feeders, since the air temperatures in any room
could be readily raised or lowered by adjustment
of the dampers at the floor registers. With the five-
feeder loop systems the temperature difference be-
tween the living room and the two bedrooms was
consistently less than 1 F, whereas with the radial
systems the bedroom air temperatures were gen-
erally 1 to 2 F lower than that in the living room.
However, in the case of Series P-22 with four feed-
ers, adjustment of the dampers in the floor registers
did not permit sufficient air to be delivered to the
bedrooms, and markedly lower air temperatures in
the bedrooms were obtained. It was concluded that
the four-feeder arrangement, Series P-22, was not
satisfactory, and hence no further discussion of the
results with it has been included.
Within the living room itself, the temperature
difference between the warmest and coolest areas
was less than 2 F for all arrangements studied. The
air temperatures in the exposed corners were
slightly higher with the loop systems than with the
radial systems, as a result of extending the feeder
duct into the exposed corner. The use of deflecting
registers was also helpful in this respect. The results
indicated the desirability of extending the feeder
ducts into the exposed comers "1 as well as dis-
tributing the warm air more evenly along the
exposed walls.
9. Room-Air Temperature Differentials
Room-air temperatures at the floor, sitting,
breathing, and ceiling levels were observed either
late at night or early in the morning in order to
minimize solar radiation effects on living zone tem-
peratures. Typical temperature gradients at eight
stations are shown in Fig. 5 for an outdoor tem-
perature of about 25 F. The gradients are shown
only for the five-feeder loop system (Series P-23)
and the radial system (Series R-2), both of which
utilized deflecting-type floor registers. However, a
summary of the temperature differentials from
floor level to two other levels is shown in Table 3
for all four of the major series of studies, as well
as for the five-feeder loop system using 8-in. diam
ducts reported previously.0'
From an analysis of the temperature gradients
and differentials shown in Fig. 5 and Table 3, the
following generalizations were made:
(a) With comparable types of registers in use,
smaller differences in temperature between floor
and breathing level were obtained with the loop
systems than with the radial systems. (Compare
Series P-21 with R-1; also Series P-23 with R-2.)
The warmer floor surfaces associated with the loop
system provided a larger panel heating effect and
a resultant smaller convection heating effect from
the registers. The warmer floor surfaces resulted in
warmer air near the floor, while the reduced con-
vection effect with the same air-flow rate resulted
in lower register-air temperatures, which in turn
caused lower air temperatures near the ceiling.
(b) Smaller temperature differentials were
usually associated with stations which were in close
proximity with embedded ducts.
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Fig. 6. Floor-Surface Isotherms with Perimeter-Loop System (Series P-21)
Fig. 7. Floor-Surface Isotherms with Perimeter-Radial System (Series R-1)
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(c) The deflecting-type floor registers provided
more satisfactory temperature gradients than did
the non-deflecting type. (Compare Series P-21 with
P-23; also Series R-1 with R-2.)
(d) The 6-in. diam loop system gave results
comparable with those experienced with the 8-in.
diam loop system reported 0 ) previously. (Compare
Series P-21 with P-14, both of which utilized non-
deflecting registers.)
(e) A special study made in the bathroom at an
outdoor temperature of 35 F indicated the improve-
ment in performance that was obtained by the use
of the long narrow register placed below the tub.
The temperature differentials from floor to breath-
ing level were as follows:
Series Differential Type of Register
P-21 1.5 F Register below tub
P-22 5.5 F 4" x 14" non-
deflecting
P-23 4.2 F 21" x 14"
deflecting
R-1 4.4 F 4" x 14" non-
deflecting
R-2 3.6 F 2y4" x 14"
deflecting
The air that issued from the register below the bath-
tub was distributed in the lower part of the room
and provided a uniform air temperature within the
living zone.
In summarizing for the entire house, with the
exception of the radial system equipped with non-
deflecting registers (Series R-1), the temperature
differentials increased only slightly as the weather
became more severe. In fact, as concluded from
previous 0' experiments with the 8-in. diam loop
system, the change in temperature differential was
smaller than that observed with a conventional
warm-air system in an insulated residence (6 ) pro-
vided with storm sash.
10. Floor-Surface Temperatures
For the purpose of determining the isothermal
patterns of the floor surface, temperature measure-
ments were made at 190 stations on the floor.
Special studies were made at the end of a three-
day period during which the outdoor temperature
remained practically constant between 30 F and
35 F, and the sky was overcast. The data so ob-
tained were used for constructing the floor-surface
isotherms shown in Figs. 6 and 7.
From a detailed analysis of the isotherms, the
following generalizations were made:
(a) The patterns obtained with the loop sys-
tem (Fig. 6) were more satisfactory than those for
the radial system (Fig. 7).
(b) Both patterns were improvements over
those reported for conventional warm-air systems
in which embedded warm air ducts were not used.
For example, for a high-wall, forced-air system, O"
100 percent of the floor surface was at tempera-
tures below 70 F, and about 50 percent below 65 F.
(c) With the loop system, only about 7 percent
of the total floor area of 768 sq ft was at a tem-
perature less than 70 F. Most of this low tempera-
ture area was in the vicinity of the front door.
System (d) With the radial system, about 43 percent
Loop of the total floor area was at a temperature less
Loop than 70 F, and about 16 percent below 65 F. A
Loop substantial portion of this cool floor surface was
concentrated in the living room. The only effective
Radial means for improving the temperature pattern
would be to locate additional feeders in the low
Radial temperature areas.
(e) A limited floor area having surface temper-
atures in excess of 85 F existed in the immediate
vicinity of the furnace and subfloor plenum, but
these areas, located near partitions, were not used
as living areas and hence were not considered to be
critical areas of occupancy.
The isothermal patterns shown in Figs. 6 and 7
were for an outdoor temperature range of 30 F to
35 F. As the outdoor temperature decreased, some
changes in floor-surface temperatures occurred, the
changes depending to a large extent upon the prox-
imity of any given station to an embedded duct or
to the exposed edge of the slab. For the purpose of
this analysis the floor area of the Residence was
arbitrarily divided into three regions: (a) directly
over, or in the immediate vicinity of, feeder ducts,
(b) at some distance from feeder ducts, perimeter
loop, or exposed edge of slab, and (c) near the
exposed edge of the slab.
The effect of outdoor temperature on floor-
surface temperatures at representative locations
within each of these regions is shown in Fig. 8. As
may be observed from the tabular values and the
curves in Fig. 8, the surface temperatures for the
loop system were higher than those for the radial
system at each of the four stations. Furthermore,
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74
70
66
62
58
54
76
72
CO
S *
Indoor - outdoor temperature difference, deg F
-/aor - Surface emperature, deg F
Indoor - oudoor Indoor - outdoor
difference 35F difference 70F
Station P-2/ P-23 R- R-2 P-2/ P-23 R-1 R-2
A 70.9 71.0 67 4 68.3 70.5 705 66.2 67.5
8 71,1 67.9 64.4 65.5 72.4 675 62.4 64/.
C 71.9 66.3 61.9 62./ 73.1 668 565 588
D 70.5 70.3 69.7 69.8 69.7 698 686 688
- I
Fig. 8. Floor-Surface Temperature as Affected by Indoor-Outdoor Temperature Difference
in the case of the loop system the surface tempera-
tures remained practically constant over the entire
range of indoor-outdoor temperature differences,
whereas with the radial system the surface tem-
peratures decreased as the outdoor temperature
decreased. The greatest differences between the
loop and radial systems were observed at stations
B and C near the corner of the slab where large
heat losses from the floor slab occurred. At station
D which was relatively remote from the influences
of feeders, perimeter duct, and slab edge the dif-
ferences were minor. The higher surface tempera-
tures observed at the corner stations B and C with
loop system P-21, as contrasted with loop system
P-23, have been attributed to the greater air-flow
rate which was found to exist in the perimeter duct
at that point.
Directly over and adjacent to the feeder ducts,
the floor-surface temperatures increased as the out-
door temperature decreased. This increase in sur-
face temperature accompanied the rise in tempera-
ture of the air leaving the subfloor plenum and
flowing through the feeders as the load on the fur-
nace increased. Under design load conditions the
surfaces over the feeder duct within 18 in. of the
plenum attained temperatures as high as 109 F, but
a few inches away from the centerline of the em-
bedded duct the maximum temperatures observed
were about 10 F lower. From the standpoint of
comfort as affected by floor-surface temperatures,
the commonly accepted maximum values are 85 F
for living spaces and 120 F for borders and aisles.
Since the surface temperatures observed near the
furnace were less than the limit of 120 F for bor-
ders, this area was not considered critical. It is true
that during extremely cold weather a narrow strip
of floor above the feeder ducts attained tempera-
tures in excess of the 85 F accepted as a maximum
for living areas. However, since such temperatures
were obtained only in severe weather and since the
critical area was narrow, these temperatures were
not considered objectionable for either the loop or
radial systems.
11. Radiation and Convection from Floor Surface
An appreciable panel-heating effect was ob-
tained from the warm floors, particularly with the
loop system in which a large portion of the floor
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area was at a temperature higher than that of the
room air. The total heat emission from the floor
consisted of: (a) radiation heat transfer from the
floor to the walls, windows, and ceiling, and
(b) natural convection heat transfer from the floor
to the adjacent air. The methods used for deter-
mining the rate of heat emission were the same as
those reported previously. )
Floor-surface temperatures were measured at
190 stations. Room-air temperatures 3 in. above
the floor,'"j and wall and ceiling surface tempera-
tures were also measured. These studies were made
at the end of a three-day period during which the
outdoor temperature was between 30 F and 35 F,
the sky was overcast, and relatively stable operating
conditions existed.
Radiation Heat Transfer. The radiation heat
transfer from the floor surface is dependent upon
the area and temperature of the emitting surface,
the temperature of the receiving surface, and the
configuration factor for the surfaces involved. The
accepted Stefan-Boltzmann equation"8 ' was used:
Q, = 0.173 X 10 -A,F, (T 4 - T 4 ) (1)
where
Q, = radiation heat transfer, Btuh per sq ft
A, = surface area of the emitting surface, sq ft
T, = absolute temperature of the emitting sur-
face, deg Rankine
Tr = absolute temperature of the receiving sur-
face, deg Rankine
Fa = the configuration factor, which considers
the solid angle between the source and
the receiver, the areas and the emissivi-
ties of the source and the receiver
The configuration factor was evaluated by:
Fa = 1+ +
- 1)
where
Fb = configuration factor for black body radia-
tion
e, = emissivity of emitting surface
e, = emissivity of receiving surface
A, = area of emitting surface, sq ft
A,. = area of receiving surface, sq ft
Since the emitting surface (floor) was enclosed on
all sides by the receiving surfaces (walls, windows,
and ceiling), both Fb and the ratio A,/A,. were con-
sidered as equal to unity. The emissivities of floors,
walls, and ceiling were assumed to be 0.90. Under
these assumptions, the configuration factor was de-
termined as:
= 0.82
For the purpose of obtaining a weighted aver-
age temperature of the emitting surface, the areas
included between two adjacent isothermal lines
were separately measured. For example, for Series
P-21, the living room area between the two adja-
cent isotherms of 80 F and 82 F were measured as
24.12 sq ft from Fig. 6 and assumed to have a
floor-surface temperature equal to the mean of
the isotherms, or 81 F (541 Rankine).
The average temperature of the receiving sur-
faces for any room, T,, was the sum of the products
of areas and temperatures of the walls, ceiling and
windows, divided by the total areas. The average
surface temperature as thus determined, should be
distinguished from the mean radiant temperature,' )
which requires an evaluation not only of the areas
and temperatures of the surfaces, but also the in-
cluded solid angle which the receiving surface
makes with respect to the emitting surface. Pre-
vious studies05 ) indicated that for the conditions
encountered in these studies, the mean radiant tem-
perature would not deviate by more than 2 percent
from the average surface temperature. Hence, for
the purpose of these studies, the simpler method
using average surface temperature was selected.
In the case of the example cited for the living
room, T,. was determined as 68.5 F. Hence, the
radiation heat transfer between that portion of the
living room floor at an average surface temperature
of 81 F and the surrounding surfaces at 68.5 F was
found from Eq. 1 to be 261.0 Btuh. A similar pro-
cedure was used for each 2 F incremental area for
each room and the summation of such values for
the six main rooms are listed in Table 4 (columns
1 and 6).
Convection Heat Transfer. The natural convec-
tion heat transfer from the floor surface to the
adjacent air was determined from the equations
proposed by W. J. King,(") which in previous
investigations were found to apply to conditions
existing in the study.1" For sections of the floor
warmer than the adjacent air, the convection
transfer from the floor surface is:
Qc = 0.28 Ao 1-33 (3)
F( = .l- 10 9 1 1( 19  1
1 + 0.9 1)+ 1 0.9 1)
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For floor sections cooler than the adjacent air:
Q, = 0.15 A,0 '1 33  (4)
where
Qc = heat transfer by natural convection Btuh
per sq ft
6 = temperature difference between floor sur-
face and air, F
The floor area was divided into segments, each
of which was the area included between the two
adjacent isothermal lines. The temperature differ-
ence for each segment of floor surface was con-
sidered as the difference between the average
floor-surface temperature and the average air tem-
perature 3 in. above the floor. In the case of the
loop system (Series P-21) this average air temper-
ature was found to be 70 F, and for the radial sys-
tem (Series R-1) it was 68 F. Hence, for the 24.12
sq ft floor area segment included between the
80 F and 82 F isotherms in the living room, the
temperature difference was 81 F -70 F or 11 F
for the loop system. Substitution of these values in
Eq. 3 gives:
Q, = 0.28 (24.12) (11) 1.33 = 164 Btuh
A similar procedure was used for each segment of
floor area for each room, except that Eq. 4 was
used for those segments of the floor for which the
surface temperature was lower than the air tem-
perature and a negative value was assigned to the
result. The net rates of convection heat transfer
from the floor surfaces in each room were obtained
by a summation of the values for each floor area
segment, and are shown in Table 4 (columns 2
and 7).
12. Total Heat Emission from Floor Surface
As shown in Table 4 (columns 5 and 10) the
heat transmitted to the room by the heating sys-
tem was composed not only of the heat emission
from the floor by radiation and natural convection,
but also of the heat given up by the air through the
registers (columns 4 and 9). The latter values were
determined from the air-flow rate for each register,
the register-air temperature, and the return-air
temperature. The values in Table 4 do not include
the heat gains to the house from the furnace casing,
the flue pipe, occupants, or miscellaneous electrical
inputs, such as were determined in previous
studies. (" An analysis of the tabular values reveals
a number of interesting comparisons, as follows:
Table 4
Heat Emitted from Floor and Delivered Through Registers
PERIMETER-LOOP SYSTEM
Room Heat Emission from Floor Register Tot
(Btuh) Delivery Re
Radiation Convection Total (Btuh) (B
(1) (2) (3) (4) (
Liv Rm 1,260 630 1,890 1,940 3,
S Bed Rm 650 300 950 1,590 2,
N Bed Rm 420 230 650 1,800 2,
Hall 190 210 400 .....
Bathroom 120 100 220 320
Kitchen-
Utility 680 470 1,150 1,080 2,
Total 3,320 1,940 5,260 6,730 11,
Weather:
Series P-21:
Room
Liv Rmi
S Bed Rm
N Bed Rm
Hall
Bathroom
Kitchen-
Utility
Total
Weather:
Series R-l:
al to
oom
tuh)
5)
830
540
450
400
540
230
990
Outdoor Temperature=35 F; Wind=7.5 mph (SSE); Sky
Overcast
PERIMETER-RADIAL SYSTEM
Heat Emission from Floor Register
(Btuh) Delivery
Radiation Convection Total (Btuh)
(6) (7) (8) (9)
440 440 880 3,020
-70 70 0 1,770
-10 80 70 1,830
110 170 280 .....
-20 30 10 1,260
320 390 710 2,240
770 1,180 1,950 10,120
Total to
Room
(Btuh)
(10)
3,900
1,770
1,900
280
1,270
2,950
12,070
Outdoor Temperature=36 F; Wind=3 mph (SSE); Sky
Overcast
(a) The radiation transfer from the floor slab
(column 1) was considerably larger than the
natural convection transfer (column 2) for the loop
system, but not for the radial system.
(b) For the loop system the heat emission from
the floor (5260 Btuh) represented 44 percent of the
total input to the room (11,990 Btuh), and the
heat delivered through the register (6730 Btuh)
comprised the remaining 56 percent. Thus the loop
system can be designated as a panel-convection
system in which the register delivery was about the
same order of magnitude as the heat emission from
the floor.
(c) For the 8-in. diam loop system") fed by
means of three 8-in. diam feeders, the panel heat-
ing effect from the heated floor slab was about one-
third as large as the heat supplied through the
registers. In other words, the system functioned
primarily as a convection system but to some extent
as a panel heating system. The fact that the 8-in.
diam loop system showed a smaller panel heating
effect than the 6-in. diam loop system of Series
P-21 has been attributed to the use of only three
feeders in place of five feeders, with a consequence
that the floors were not as uniformly heated.
(d) For the radial system, the heat emission
from the floor (1950 Btuh) represented only 16 per-
cent of the total to the room (12,070 Btuh), and
the remaining 84 percent was by register delivery.
In spite of the fact that six feeders were used, the
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floor was not uniformly heated, particularly
towards the edges of the slab. Hence, the system
can be considered to be primarily a convection
system with little panel heating.
These various percentages of the total energy
delivered to the room in the form of panel heating
effect do not by themselves form a criterion for
evaluating the performance of different heating
systems. In fact, it is doubtful whether any opti-
mum percentage can be established. Hence, no
claim is made that Series P-21 with 44 percent
panel heating effect is better than the 8-in. diam
loop system with 25 percent panel heating effect,
or that 25 percent is necessarily better than the
16 percent panel heating effect for the radial sys-
tem. The fact remains, however, that for the three
systems under comparison the higher percentages
of panel heating effect were obtained with more
uniform floor-surface temperatures and with smaller
areas of cold spots. In the extreme case, if all the
registers were closed off and a separate subfloor
return duct system were provided so that a closed
system was maintained, 100 percent panel heating
effect would result. This would necessitate the
maintenance of higher floor-surface temperatures,
which in turn would offer other problems of unduly
warm floor surfaces and slower response to load
changes. In general, however, the absence of cold
spots on the floor is desirable, and it was concluded
that a loop system gave better performance than a
radial system, and that improvement in floor-
surface temperatures was obtained with the use of
a larger number of feeder ducts.
13. Pressure Loss in Duct System
The measurements of pressure losses for the
duct systems, shown in Table 5, were made on mild
days when the furnace had not been in operation
for several hours, and the air temperature in the
subfloor plenum was about 80 F. These pressure
losses represented maximum values occurring dur-
ing periods of low heat demand.
The use of the narrow 21/4 in. x 14 in. deflecting-
type register (Series P-23) resulted in a pressure
Series
P-21
P-23
R-1
R-2
System
Loop
Loop
Radial
Radial
loss about 0.03 in. of water greater than with the
use of the 4 in. x 14 in. non-deflecting type regis-
ter (Series P-21). These results were confirmed
with the radial systems (Series R-1 and R-2).
Furthermore, the losses for the radial systems were
about 0.04 in. greater than for the comparable loop
systems, primarily because only six registers were
used for the radial system, as compared with nine
registers for the loop system.
Only in the case of Series R-2 was a pressure
loss for the entire system of 0.20 in. of water ob-
tained. This value coincides with that used not
only for the rating of furnace-blower combinations,
but also for the design of warm-air heating sys-
tems. For all of the other series the total losses
were less than 0.20 in. of water, indicating that the
duct design was conservative. The values shown in
Table 5 for the total losses were substantially
greater than the 0.098 in. observed with the 8-in.
diam loop system previously investigated.0 )t
In the earlier studies, most of the pressure loss
occurred in the feeder ducts and at the register,
whereas the pressure loss in the perimeter duct
was negligible. From an analysis of the data from
the 6-in. and 8-in. diam loop systems, the conclu-
sions were reached that in order to maintain reason-
ably low pressure losses it would be desirable:
(a) to use a larger number of feeders with the 6-in.
diam loop system than with the 8-in. diam loop
system, and (b) to compensate for the increased
pressure loss of the narrow deflecting-type register
by providing a greater number, thereby reducing
the air-flow rate for each register. In view of the
appreciable loss through the register, approximately
one-third of the total loss, the conclusion was also
reached that laboratory studies of the pressure
losses of these special types of registers and dif-
fusers should be made.
14. Performance of Furnace and Blower
Complete performance data for the furnace and
blower were obtained over a wide range of indoor-
outdoor temperature differences. With the exception
of fuel consumption and burner operating time, the
Average Velocities
(fpm)
In Through
Feeders Registers
440 163
450 298
390 257
375 440
Table 5
Pressure Losses for Perimeter-Loop and Perimeter-Radial Systems
Registers Pressure Loss Air-Flow
(in. of water) Rate
Warm- Return- Total (cfln)
Air Air
Nine 4" x 14" 0.08 0.05 0.13 430
Nine 2y" x 14" 0.11 0.05 0.16 440
Six 4" x 14' 0.12 0.05 0.17 450
Six 2Y" x 14" 0.16 0.04 0.20 435
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performance characteristics were essentially the
same for all four series since the operating condi-
tions were identical. In accordance with the prin-
ciple of "continuous air circulation"' ) the follow-
ing operating conditions were maintained: (a) the
differential setting of the room thermostat was ad-
justed to a minimum value in order to provide
short cycles of burner operation during mild
weather; (b) the fuel input rate was adjusted to
equal the design heat loss of the house divided by
the assumed bonnet efficiency of 80 percent; and
(c) the blower speed was adjusted to provide a
maximum temperature rise of the air through the
furnace of 100 F. From curves plotted for the
seasonal data, the average values for two specific
indoor-outdoor temperature differences were se-
lected as shown in Table 6.
The frequency of burner operation is indicated
by item (e) of Table 6. For example, on an aver-
age day the burner operated from 5 to 7 cycles per
hr, whereas on a cold day the burner operated from
10 to 12 cycles per hr. The fuel consumption for
Table 6
Summary of Furnace and Blower Performance
a. Blower Operation,
hr per day
b. Electrical Input to
Blower, watt-hr per day
c. Average Bonnet-Air
Temperature, F
d. Burner Operation,
hr per day
e. Burner Operations,
per 24 hr
f. Average Flue (Gas
Temperature, F
g. Fuel Consumption,
cu ft per day
* Extrapolated Data- I
f,
t Extrapolated Data-L
f
Average
Indoor-
Outdoor
Temp. Diff.
for 24 hr
F
P-21
24
3,100
100
137
8
14
167
296
220
380
470
940
Series
P-23 R-1
24
3,400
96
117
7
14
117
243
194
363
460
910
24
3,400
97
115*
6
12*
138
188
370*
400
7.10*
3,
R-S
24
600
98
125t
6
15t
150
213
283t
390
780t
,argest average indoor-outdoor temperature dif-
erence observed was 57 F (Series R-l).
Largest average indoor-outdoor temperature dif-
erence observed was 44 F (Series R-2).
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Fig. 9. Fuel Consumption Data for Perimeter-Loop and
Perimeter-Radial Systems
the radial system was about 16 percent less than
that for the loop system, as shown in Fig. 9. This
difference was attributed to the larger subfloor and
edge losses experienced with the loop system. On
the other hand, as noted earlier, the smaller fuel
consumption with the radial system was accom-
panied by cooler bedrooms, cooler areas in the
living room corners, and lower floor-surface tem-
peratures throughout the Residence. In comparison
with the 8-in. diam loop system, the 6-in. diam
loop system showed slightly smaller fuel consump-
tion, of the order of 8 percent. The difference has
been attributed to the slightly smaller heat loss
from the slab floor with the use of the smaller
*perimeter duct.
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